& The use of rotating ring-disk electrodes as generator-collector systems has so far been limited to the detection of Faradaic currents at the ring. As opposed to other generator-collector configurations, non-Faradaic detection has not yet been carried out with rotating ring-disk electrodes. In this study, a.c. perturbation based detection for measurement of the ring impedance is introduced. By using a conducting polymer-modified disk electrode in combination with a bare gold ring as a model, it is shown that the measured ring capacitance correlates with the polarization of the polymer film, most probably due to counter-ion exchange. A method of calculating the ring capacitance based on a small-signal sinusoid perturbation is described and the most important instrumental limitations are identified.
INTRODUCTION
Four-electrode configurations containing two working, a single reference, and a single counter electrode in the same electrochemical cell, have been routinely used in electrochemistry over the past 50 years. A typical example is the rotating ring-disk electrode introduced by Frumkin et al. in 1959. [1] The rotating ring-disk electrode was historically the first generator-collector system [2] used for studying the intermediates or products formed in electrode processes. The operating principles of rotating ring-disk electrodes are shown in Figure 1 : while some electroactive species are formed on the generator (disk) electrode as a result of a reaction, these products may be involved in another reaction at the collector (ring) and thus be detected. [3] When using a rotating ring-disk electrode, the transfer of species from one electrode to another occurs by convection due to the rotation of the tip.
Although most rotating ring-disk electrode measurements are based on steady-state currents, there is a growing interest in the application of high rate voltage excitations as well. For example, impedance measurements on rotating ring-disk electrodes have been reported in the literature. [4, 5] In these studies a sinusoid potential perturbation was applied to the generator (disk) electrode at a number of discrete frequencies. It was also shown [6] [7] [8] [9] [10] [11] that the simultaneous potentiodynamic perturbation of the generator and collector electrodes may result in a considerable enhancement of the sensitivity.
The application of transient techniques may also be expedient in the case of other generator-collector systems, such as scanning electrochemical microscopy, especially when accurate temporal resolution is desired. [12] [13] [14] [15] The simultaneous application of potentiodynamic perturbation to the generator and collector electrodes may, however, not only yield an increased detection sensitivity when a charge transfer reaction takes place on both working electrodes, but may also broaden the applications of generator-collector systems. [6] [7] [8] [9] [10] [11] Let us consider, for example, the case when an electrochemical reaction taking place on the generator yields FIGURE 1 Schematic view of the electrochemical cell. Cell -G: gas inlet, T in and T out : inlet and outlet for the thermostating fluid, S: solution, L: Luggin-probe, A: auxiliary electrode, R: reference compartment. Rotating ring-disk electrode -1: disk electrode, 2: ring electrode, 3: insulator, 4: metal support, r 1 : disk radius, r 2 : inner ring radius, r 3 : outer ring radius, r 0 : overall radius of the tip. products that are neither reducible nor oxidable on the collector across a reasonable potential range. Such products, under steady-state conditions, should not be detectable as they cannot be involved in charge transfer reactions. This does not mean, however, that the species may not interact with the collector electrode at all: the species may, for example, modify the structure of the electrical double-layer, which may occur by means of specific adsorption or by changing the concentrations in the diffuse double layer. These effects are, in principle, detectable by measuring the a.c. capacitance of the collector electrode. Capacitance measurements are traditionally carried out by a small-amplitude sinusoid potential perturbation of the electrode, and techniques based on the same modus operandi have often been applied in scanning electrochemical microscopy. [16] Yet we are unaware of any similar attempts for rotating ring-disk electrodes, and with the present article, we attempt to fill this gap. As mentioned above, capacitance (i.e., impedance) measurements on rotating ring-disk electrodes have already been described in the literature, [4, 5] and in these studies the electrode subjected to the sinusoid potential perturbation was the generator (disk) electrode. However, the technique introduced here is based on a sine-wave perturbation of the collector (ring) electrode and is a novel approach for rotating ring-disk systems.
System Under Study: Electrochemical Charging/Discharging and Oxidative Degradation of Poly(3, 4-ethylenedioxythiophene)
Poly(3,4-ethylenedioxythiophene) is a conducting polymer characterized by chemical stability. [17] Previous studies [18] [19] [20] have shown that poly (3, 4-ethylenedioxythiophene) is electroactive in aqueous solutions, is highly insoluble in almost any solvent, exhibits high conductivity (ca. 300 S cm À1 ), changes its color depending on the applied potential, and is transparent in the oxidized state. Recent years have witnessed research on electronic and electrochemical devices based on this polymer and its derivatives. Currently, light emitting diodes, organic thin film transistors, solar cells, memory devices, ion-selective electrodes, microelectrode arrays, fuel cells, and actuators often rely on conductive polymers. [21] [22] [23] Monitoring the degradation of polymer layers is therefore of great importance, e.g., for life-time indications on these devices.
Electrochemical and mechanical properties of thin poly(3,4-ethylenedioxythiophene) films deposited on gold have already been investigated in aqueous sulfuric acid. [24] [25] [26] [27] It was shown that a sufficiently positive electrode potential (E > 800 mV versus the saturated calomel electrode) may lead to overoxidation of the polymer. The structural changes that accompany this process result in distorted electrochemical and mechanical behavior, as observed by surface stress measurements, cyclic voltammetry, electrochemical impedance spectroscopy, and scanning electron microscopy. [24] [25] [26] [27] Apart from the morphological changes, overoxidation can also affect the charge structure of the polymer film. Poly(3, 4ethylenedioxythiophene) is a redox conductive polymer that incorporates counter-ions from the surrounding electrolyte solution to maintain electroneutrality; thus its charging processes may involve a detectable counter-ion flux leaving the film. [28, 29] For this reason, the Au j poly(3, 4-ethylenedioxythiophene) j 0.5 M H 2 SO 4 electrode is a promising target for studying the counter-ion flux accompanying charging and discharging, as well as the degradation of the polymer film. Similar studies have already been carried out by the use of rotating ring-disk electrodes, [30] [31] [32] but these were confined to systems where electrochemically oxidable (usually halide) counter-ions were involved in the flux, providing a means for Faradaic detection. Sulfate, the most predominant counter-ion in the system studied here, is not detectable by such means; yet it may be specifically adsorbed on a bare gold ring [33] at well-chosen potentials, causing measurable changes of the interfacial capacitance ( Figure 2 ).
EXPERIMENTAL
The measurements were carried out with a gold disk=gold ring rotating ring-disk electrode (PINE AFE7R8AuAu). The disk was covered with poly(3, 4-ethylenedioxythiophene) under galvanostatic conditions. All the glass parts of the cell were thoroughly cleaned by Caro's acid (a 3:1 mixture of concentrated sulfuric acid and 30% hydrogen peroxide solution) and subsequently rinsed with deionized water, and vapor steam cleaned. Prior to the polymer deposition, the rotating ring-disk electrode was mirror-polished by SiC paper and a diamond suspension (finest grain size: 0.1 mm). After polishing, the electrode surfaces were rinsed with deionized water and cleaned by ultrasonication.
Deposition took place in a standard three-electrode cell at room temperature under argon. The depositing solution contained 0.01 mol dm À3 of 3, 4-ethylenedioxythiophene (analytical grade, Aldrich) and 0.1 mol dm À3 of Na 2 SO 4 (analytical grade, Fluka). Only the disk served as a substrate for the deposition, as the ring electrode was covered by a tight Teflon cap, preventing contact with the monomer solution. A Pt wire was used as the counter electrode, and a KCl saturated calomel electrode was used as the reference. The galvanostatic deposition was performed for thirty minutes at a current density of 200 mA cm À2 . A commercial potentiostat (AutoLab PGSTAT 20) was used for this purpose. Before the actual measurements, the electrode tip was held in deionized water for a few days in order to remove any residual monomer.
The measurements were carried out in a 0.1 mol dm À3 H 2 SO 4 solution (analytical grade, Merck). The solution was purged by and maintained under argon. A gold sheet with a large surface area was used as the counter electrode, and a NaCl-saturated calomel electrode was applied as the reference. The reference electrode compartment was separated from the rest of the cell by a Luggin probe.
For the measurements described here, a home-made measuring system [4] was used. This system relies on the state-of-the-art data acquisition devices of National Instruments (PCI-4461 and PCI-6014 boards) that may be used with several bi-potentiostats. The measuring system was controlled by a software written in the National Instruments LabVIEW development environment, [4] providing simple means for signal acquisition and on-line data processing.
From a hardware point of view, the most important features of the system are the high data acquisition and sample generation rates (at least 80 kHz and 200 kHz, respectively) and the high resolution (24 bit @ AE10 V) of the waveform generating channels. [34, 35] These parameters are crucial for the purpose of accurate double-layer investigations. For the capacitance studies, the measuring system was equipped with a PINE Model ''AFCBP1'' bi-potentiostat.
METHODS
The operating principle of the applied measurement method is that while the disk electrode potential was arbitrarily controlled, a small-signal sinusoid voltage perturbation was applied to the ring. Determining the capacitance of the ring electrode (C ring ) is achieved by synchronized sampling of the ring current and potential. Both of these are sinusoid signals, and by determining the ratio of their amplitudes and the phase shift between them, the impedance (and, subsequently, the capacitance) of the electrode may be calculated. Probably the most straightforward way of carrying out these calculations is the application of sinewave correlation. [36] Let us consider the function y(t) as an example. Let y(t) be a sinusoid with y 0 amplitude, u phase, and x angular frequency: then y(t) may be represented as a complex number (denoted here asỹ y). The real and imaginary parts of this number can be calculated by correlating y(t) with the sine and cosine functions (respectively) of the same frequency:
And
where T ¼ 2p=x is the period (reciprocal frequency) of the y(t) sinusoid.
Since in practice only sampled values of the y(t) function are known, the above integrals are to be replaced by summation. If the applied sampling rate (f s ) is sufficiently high, this is possible using
provided that the upper limit of the summation (n) is chosen so that n=f s is an integral multiple of the period T. In practice, the more periods are subject to the correlation, the more accurate results are obtained. However, the possibilities are limited by the loss of time-resolution. The above-described calculations were implemented in the software. By applying this algorithm to the measured arrays of ring potentials and currents, the complex quantities e E E ring and e I I ring were determined, and the 
If it is assumed that the ''ring electrode'' is modelled by an equivalent circuit analog consisting of a resistor and a capacitor connected in series, its capacitance is defined as
Based on the amplitude and phase values, obtained from Equations (1) and (2), it is also possible to ''restore'' the measured current and voltage signals to provide visual feedback on the quality of the measurements (Figure 3 ). Figure 3 presents sampled and (by the use of the above-described algorithm) restored potential and current signals measured at the ring of the rotating ring-disk electrode. The amplitude of the potential perturbation was 5 mV. If the measured potentials (upper row) are compared with the sampled current (bottom row) in Figure 3 , it is apparent that the former exhibited a lower signal-to-noise ratio. The explanation of this is that the bi-potentiostat used for these measurements was equipped with a constant gain instrumental amplifier measuring the ring potential. [37] This means that the potential signal, having a peak-to-peak amplitude of approximately 10 mV, was measured without amplification (unity gain). On the contrary, the current-to-voltage converters had an appropriately optimized gain, making the entire voltage swing (AE5 V) available for output. To overcome this problem, designing an instrumentation amplifier with settable range for the measurement of the electrode potentials is in progress. Figure 3 shows that at lower frequencies the measured current and potential signals were significantly distorted by the presence of 50 Hz noise (the mains frequency). This interference may be digitally eliminated by a careful selection of the correlation window size, which in this case should be an integer multiple of the perturbation and the mains period, approximately 20 ms.
RESULTS AND DISCUSSION

Instrumental Limitations
The bandwidth of the power amplifier of the bi-potentiostat was hardware-limited in order to eliminate mains-induced oscillation. This process is shown by the damped electrode potential signals at 200 Hz and 533 Hz in Figure 3 : in these cases, the potentiostat failed to regulate a 10 mV peak-to-peak sinusoid voltage.
It is obvious from the above considerations that many instrumental limitations must be considered to make accurate capacitance measurements on the ring of a rotating ring-disk electrode. With the available potentiostats, the accessible frequency range was in the low sound-frequency region, less than 50 Hz. However, it was still possible to determine ring capacitance changes. As a demonstration, the ring capacitance measurements are combined with two disk polarization programs below. Figures 4, 5, and 6 show the results of an experiment where the ring capacitance was measured in parallel with a symmetric square-wave perturbation of the disk potential, at a rotation rate of 500 min À1 . Prior to these measurements, the ring was ''electrochemically polished'' by cyclic voltammetry: that is, several consecutive triangular potential waves were applied between À600 and 1400 mV vs. the NaCl-saturated calomel reference electrode, at 100 mV s À1 to clean the surface from preadsorbed contaminants. During this process the disk was held at 600 mV. 640 N. Kova´cs et al.
Square-Wave Perturbation of the Disk
For the capacitance measurements, the ring potential was set to 800 mV and a sinewave perturbation at 20 Hz and 5 mV amplitude was applied. A square-wave potential perturbation, between À200 and 600 mV vs. the NaCl-saturated calomel reference electrode at a period of 40 s and a duty cycle of 50%, was applied to the disk, as shown in Figure 4 . The currents measured at the disk in this case could be considered purely charging currents, as shown in Figure 5 .
From the sinusoid ring potentials and currents, the ring capacitance was calculated using the algorithm described above. The correlation window size was set to 200 ms, corresponding to four perturbation sinewaves. The determined ring capacitance is shown in Figure 6 .
The peak-like features of Figure 6 are related to electrical cross-talk between the disk and the ring that occurs due to the shared current routes of these electrodes. This IR-drop [6] distorts the baseline of the measured sinusoidal waves, which results in ill-determined capacitance values. Thus, the peak-like features in Figure 6 may be considered measurement artifacts, as their size and shape depends heavily on the correlation window size applied in the calculations. The intensity of these peaks may be suppressed FIGURE 4 Square-wave potential perturbation applied to the disk covered with poly(3, 4ethylenedioxythiophene).
FIGURE 5
Charging=discharging currents recorded at the disk electrode, while the disk potential was stepped according to the waveform in Figure 4 . by choosing smaller window sizes, but this in turn yields increased noise on the rest of the curve. The 200 ms correlation window size applied here presents an optimum for this consideration.
The ring capacitance showed a net decrease during the measurements. This may be attributed to the effect of organic molecules, monomers or oligomers, which after leaving the disk electrode, may adsorb on the clean ring surface. These dielectric species may decrease the ring capacitance either by increasing the double layer thickness, or by locally decreasing the relative permittivity within the double layer. [38, 39] The role of instrumental drift in the slow decrease of the capacitance curve may be ruled out, as verified by measurements on a dummy cell.
The rate of the capacitance changes, although always negative, varies in Figure 6 with respect to the applied disk potential. At more negative disk potentials (À200 mV vs. the NaCl-saturated calomel reference electrode), the ring capacitance decreased considerably; however, at more positive potentials, the decrease was reduced. The interpretation of this effect is not at all straightforward. However, the most likely explanations involve polarizing the disk to more negative potentials caused organic species to leave the film to a much higher extent to increase their adsorption rate at the ring electrode and charge-compensating sulfate ions left the polymer film at negative potentials to be specifically adsorbed on the ring surface, causing an increase in C ring .
Both of the above explanations (and also their synergic combination) is possible, but at this stage, we do not have enough information to be more specific with respect to this question. Yet we must point out that for these measurements to work, it is necessary to select a sufficiently high potential for the ring electrode. By choosing a lower potential set-point, e.g., À100 mV instead of 600 mV vs. the NaCl-saturated calomel reference electrode, no disk-related capacitance changes were detected. This, we FIGURE 6 Ring capacitance changes accompanying square-wave perturbation of the disk electrode. The ring capacitance decreased but the rate of decrease changed with the disk potential (see Figure 5 ). The shaded areas represent linear fit predictions (confidence level: 95%) to the respective curve segments. believe, is due to the fact that at these potentials no sulfate ions were specifically adsorbed on the ring electrode. The rotation of the ring-disk system also plays an important role in these measurements, as on a stagnant electrode, no disk-related capacitance changes may be measured. This observation supports that the measured effects indicate a chemical interaction, and are not due to electrical cross-talk between the generator and collector electrodes. [6] Triangular Perturbation of the Disk. Effects Accompanying the Overoxidation of Poly (3,4-ethylenedioxythiophene) The graphs of Figure 7 show the results of measuring the ring capacitance in parallel with a triangular perturbation of the disk potential. In order to have a relatively clean collector surface, the ring was ''electrochemically polished'' prior to the measurements. The ring potential was then set to 600 mV vs. the NaCl-saturated calomel reference electrode, and a sine-wave perturbation at 20 Hz with an amplitude of 5 mV was applied.
In parallel with the ring capacitance determination, several cyclic voltammograms were recorded on the disk electrode. The lower vertex of FIGURE 7 Changes of the ring capacitance (red curve, calculated by the sinewave correlation method described in the text), as the disk is polarized with triangular sweeps of different upper vertices (green triangles) within and exceeding the potential interval of reversible oxidation. these measurments was set to À200 mV versus the NaCl-saturated calomel reference electrode at an applied sweep-rate of 10 mV s À1 . After recording a few potential cycles with the same parameters, the upper vertex potential of the cycles was gradually increased from 600-800, then to 1200 mV, as shown in Figure 7 . Increasing the upper vertex potential to above 800 mV triggered strong anodic currents on the disk, indicating overoxidation and subsequent degradation of the poly (3, 4-ethylenedioxythiophene) . This is shown by the cyclic voltammograms in the insets of Figure 7 , as well as by the scanning electron micrographs of Figures 8  and 9 that show the polymer film prior to and after oxidation, respectively.
The calculated ring capacitance changes were correlated with the applied disk potential. Similarly to Figures 4, 5, and 6 , when a square-wave signal was used to control the disk potential, there was a net decrease of the measured ring capacitance. Closer inspection of this curve reveals, however, a certain periodicity: the ring capacitance curve showed local maxima when the disk electrode was negatively polarized. This effect was more obvious after a slight overoxidation of the poly(3, 4-ethylenedioxythiophene) film, which can be interpreted as a result of the increasing film surface area and= or the effect of free gold surfaces becoming available due to the degrading polymer film (Figures 8 and 9) .
At sufficiently positive potentials, the increased porosity of the film and the free gold surfaces may provide new adsorption sites for the sulfate counter-ions in the electrolyte solution, while at more negative potentials, they may release the previously adsorbed sulfate. This may account for FIGURE 8 Scanning electron micrograph (5 mm Â 5 mm, measured ex-situ on a gold substrate) of a compact poly(3, 4-ethylenedioxythiophene) film after cyclic polarization that did not exceed 800 mV vs. a NaCl-saturated calomel reference electrode.
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N. Kova´cs et al. the temporary increases of the measured ring capacitance (indicating sulfate flux), as shown in Figure 7 .
SUMMARY AND OUTLOOK
The use of rotating ring-disk electrodes as generator-collector systems has so far been limited to the detection of Faradaic currents. As opposed to other generator-collector configurations-such as scanning electrochemical microscopy, where a.c. detection is commonly applied, [14] non-Faradaic detection has not yet been carried out with rotating ring-disk electrodes. The goal of this article was to show that a.c. perturbation based detection is also possible with rotating ring-disk electrodes by using a poly (3, 4-ethylenedioxythiophene)-modified disk in combination with a bare gold ring. The measured ring capacitance changes were correlated to the polarization of the polymer film. The measured effects are in alignment with the results of previous rotating ring-disk electrode studies of polymer films, [30] [31] [32] where the counter-ion flux was assessable by the standard (Faradaic) method of detection, and with the electrochemical properties of poly (3, 4-ethylenedioxythiophene) , as studied by other techniques. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] To the best of our knowledge, a.c. capacitance-based detection has never been carried out with rotating ring-disk electrodes. As is the case with many new techniques, there are still many instrumental limitations which have to be optimized in order to make the measurement of ring FIGURE 9 Scanning electron micrograph (5 mm Â 5 mm, measured ex-situ on a gold substrate) of the poly(3, 4-ethylenedioxythiophene) film. The image was recorded after three potential applications above 1200 mV vs. a NaCl-saturated calomel reference electrode. The film was degraded and the underlying gold surface (indicated by Â) was partially visible due to irreversible oxidation. capacitance changes more accurate, and thus the results of this article are by no means meant to be conclusive. The measured ring capacitance showed only a limited correlation with the applied disk potential. A net capacitance decrease was measured most probably due to the adsorption of disk-originated organic compounds at the ring electrode. Since this general decrease seems to be independent of the applied disk potential, we believe the change of the ring capacitance (i.e., dC ring =dt compared to C ring ) may be more informative with respect to the processes occurring at the disk. However, due to the instrumental limitations addressed in this article (low bandwidth and the inaccurate potential measurements), it was not possible to measure this derivative with sufficient accuracy. The resolution of the instrumental issues by constructing a dedicated control circuit for these measurements will be the subject of a future study. 
